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Abstract 
Fly ash geopolymer is amorphous aluminosilicate material which is considered as alternative to Portland cement concrete. One of 
the limiting factors of its utilization is an increased shrinkage and related deterioration of fracture properties. This paper reports 
on a study of the application of multi-walled carbon nanotubes (MWCNTs) to improve the fracture properties of fly ash 
geopolymer. The amount of MWCNTs added varied in the range of 0.05–0.2% of the mass of fly ash. Mechanical fracture 
properties were determined via evaluation of three-point bending fracture tests. Specimen response during fracture tests was also 
monitored by means of acoustic emission, and this method was also used for the determination of cracking tendency occurring 
during the hardening process. Results show that the addition of MWCNTs increases the elastic modulus and compressive 
strength of fly ash geopolymer. However, basic fracture parameters (fracture toughness, fracture energy) firstly decreased with 
very small addition of MWCNTs and were regained or slightly exceeded the reference values with higher amount of MWCNTs. 
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1. Introduction 
Fly ash is generated in large quantities as a by-product from the combustion of coal-like fuel in power stations. 
Estimated worldwide production coal combustion products was 780 Mt in 2010, and approximately 80% of this 
amount is attributed to fly ash [1]. Only part of these ashes is used at present (40–60%); the rest is stored in the 
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landfills giving a potential risk of groundwater contamination due to leaching. In building industry, most of the fly 
ash is used as supplementary cementing material in concrete production; however, other applications among which 
the most promising is geopolymer production were developed in last decades [2]. 
Geopolymers are two-component binders, where one of the components is an aluminosilicate material with 
considerable pozzolanic properties and the second component is an alkaline activator, mostly alkaline hydroxide, 
carbonate or silicate (water glass). Usually, natural pozzolanas (volcanic tuffs, diatomaceous earth etc.) or 
artificially produced materials such as fly ash can be used as a source of aluminosilicate [3,4]. These materials are 
quite easily accessible in large quantities and their properties can be controlled. The properties of fly ash 
geopolymer depend on several factors such as aggregate properties, alkaline solution and water content and the 
curing environment. A critical parameter for durability design of concrete is shrinkage of geopolymer concrete at 
early age. Deb et al. [5] reported that fly ash/slag blends showed much higher shrinkage than ordinary Portland 
cement (OPC) concrete. Higher shrinkage was also reported for the ambient-cured geopolymer concrete compared 
to heat cured geopolymer concrete [6]. A possible way to reduce shrinkage is the application of multi-walled carbon 
nanotubes (MWCNTs) as a shrinkage reducing admixture. Regarding the properties of MWCNTs, they have a great 
potential to reduce the cracking tendency of silicate-based materials caused by drying shrinkage [7,8]. 
Carbon nanotubes show extraordinary mechanical properties, with the elastic modulus of an individual nanotube 
being around 1 TPa and tensile strength being in the range of 65–93 GPa [9]. Since the production of multi-walled 
carbon nanotubes (MWCNTs) increases and the costs for their utilisation reduce, they become promising 
nanomaterials for enhancing the mechanical fracture properties of building materials, and their resistance to crack 
propagation. Some problems have appeared connected with the aggregation of MWCNTs, which reduces the 
efficiency of single nanotubes. Nevertheless, effective dispersion can be achieved by applying ultrasonic or high 
shear rate mechanical dispersion with the use of a surfactant [10]. 
Since microcracks have a strong negative effect on mechanical performance, the efficiency of MWCNTs as 
a potential nano-reinforcement and shrinkage reducing agent can be monitored by the fracture behaviour of the 
composite material and by acoustic emission methods. In this study, fracture tests and acoustic methods were 
applied to determine the performance of MWCNTs in fly ash geopolymer mortars. 
2. Experimental part 
2.1. Materials and sample preparation 
Basic geopolymer mixture was synthesized from low calcium fly ash (ýEZ, DČtmarovice, CZ) and reagent-grade 
sodium silicate solution (Vodní sklo, CZ) having the molar ratio SiO2/Na2O = 1.6 and the content of dry mass 43%. 
The chemical composition is presented in Table 1. The average grain size of the fly ash obtained by laser 
granulometry was d50 = 15.5 μm and d90 = 38.3 μm. Quartz sand with a maximum grain size of 2.5 mm was used as 
fine aggregate in order to prepare geopolymer mortars. Multi-walled carbon nanotubes (Graphistrength® CW 2-45, 
Arkema, France) were used as admixture. Since MWCNTs are commonly not water-soluble, the product contains 
55% of carboxymethyl cellusose as a dispersing agent for the stabilization of its aqueous dispersion. Carbon 
nanotubes were used in the form of 1% dispersion prepared following the procedure prescribed by the producer. 
MWCNT pellets were dissolved in hot water and dispersed bundles of MWCNTs were further disintegrated by 
mechanical homogenizer (3 h at 14000 rpm). 
 Table 1. Chemical composition of raw materials. 
 SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) MgO (%) Na2O (%) K2O (%) Stotal (%) 
Fly ash 49.82 24.67 7.05 3.91 2.68 0.70 2.78 0.91 
Sodium silicate 26.43 – – – – 16.61 – – 
 
The content of MWCNTs was 0.05, 0.10, 0.15, 0.20%, respectively, with respect to the mass of fly ash. 
Geopolymer mixture without addition of nanotubes was also prepared and assigned as reference. The composition of 
mixtures is presented in Table 2. The mixtures were placed into prismatic moulds 40 × 40 × 160 mm and sealed 
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with plastic film to keep moisture in the mixture. The moulds were kept at first at ambient temperature for 3 days 
and then heated at 60 °C for 24 h. The hardened specimens were stored in plastic bags for 24 days at laboratory 
conditions (22 ± 2 °C, ĳ = 45 ± 5%) prior to fracture testing. The initial central edge notch was cut to a depth of 
about 1/3 of specimen depth by diamond blade saw before testing. 
Table 2. Mix proportions of the geopolymer mortars. 
Mixture  FC FC5 FC10 FC15 FC20 
Fly ash (g) 350 350 350 350 350 
Sodium silicate (g) 280 280 280 280 280 
Fine aggregate (g) 1050 1050 1050 1050 1050 
1% MWCNT (g) 0 17.5 35 52.5 70 
Water (ml) 70 52.5 35 17.5 0 
2.2. Testing procedure 
Fracture experiments were carried out on a Heckert FP 10/1 mechanical testing machine with the measuring 
range 0–2000 N. The load vs. displacement (F–d) diagrams were recorded using induction sensors connected in 
HBM SPIDER 8 device during the fracture experiments. The F–d diagrams for selected specimens (one for each 
type of material), with well recorded descending part, are shown in Fig. 1. The effective crack extension method was 
used to evaluate the F–d diagrams. The modulus of elasticity values were obtained from the first (almost) linear part 
of the corrected F–d diagrams. The effective fracture toughness values were determined using the Effective Crack 
Model [11], which combines linear elastic fracture mechanics and the crack length approach. Estimations of fracture 
energy values according to the RILEM method were calculated using a “work of fracture” value [12]. The 
compressive strength values were also determined for all specimens on the fragments remaining after the fracture 
experiments had been performed. 
The initiation of cracks during the fracture tests was also monitored by the acoustic emission (AE) method. The 
AE method can monitor change in materials behaviour over a long time and without moving one of its components 
i.e. sensors. This makes the technique quite unique along with the ability to detect crack propagation occurring not 
only on the surface but also deep inside the material. The AE method is considered to be a “passive” non-destructive 
technique, because usually identifies defects while they are developing during the test [13]. The guard sensor 
eliminated mechanical and electrical noise. Four AE sensors IDK-09 with 35 dB preamplifier were attached to the 
surface of specimen by beeswax. AE signals were received by measuring equipment DAKEL XEDO. 
When monitoring the cracking tendency of geopolymer mortar during hardening, fresh slurry was placed into 
a cylindrical mould. Since AE sensor cannot be attached directly to the fresh slurry, a steel waveguide was used to 
transmit acoustic signal to the sensor. The intensity threshold of the signals that were detected was set to 0.8 V with 
30 dB gain. This allowed us to eliminate background noise and record only the emissions produced due to the 
cracking of the material. 
Micrographs of the geopolymer samples after fracture testing were taken directly from the fracture cross-section 
in SE mode on a Tescan MIRA3 XMU scanning electron microscope. The micrographs were taken from dry 
samples that were sputtered with gold. Accelerating voltage was set to 20.0 kV. 
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Fig. 1. Load vs. deflection diagrams for selected three-point bended notched specimens. 
3. Results and discussions 
3.1. Fracture tests 
The mean values (obtained from 3 independent measurements) and standard deviations (presented as error bars) 
of the compressive strengths of the tested geopolymer composites are depicted in Fig. 2 (left). The compressive 
strength value was increased with addition of 0.05%, 0.10%, and 0.15% MWCNTs by 30%, 50%, and 70%, 
respectively. Higher amount of MWCNTs (0.20%) caused a significant decrease in compressive strength but the 
value is still by 17% higher in comparison with reference composite.  
The mean values and standard deviations of selected mechanical fracture parameters obtained from recorded F–d 
diagrams [11,12], i.e. modulus of elasticity Ec, effective fracture toughness KIce and specific fracture energy GF, are 
summarized in Fig. 2 (right) and Fig. 3. Modulus of elasticity values was increased with addition of MWCNTs by 4, 
11, 17 and 14%, respectively.  
The values of modulus of elasticity follow similar trend as compressive strength with maximum observed for the 
composite containing 0.15% of MWCNTs. However, the increase is not as significant as in the case of compressive 
strength. The effective fracture toughness value was decreased with addition of MWCNTs up to 0.10% by 13 and 
9%, respectively. The slight increase by 7 and 10% was detected in case of the mixtures having 0.15 and 0.20% of 
MWCNTs. The specific fracture energy value was increased by 4% only with the addition of MWCNTs in amount 
of 0.20%. For other amounts of MWCNTs, values of this parameter decreased by ca 10%, but the coefficients of 
variation are rather high, more than 20% in this case. 
The results show that application of MWCNTs up to 0.2% improves the mechanical properties (compressive 
strength, modulus of elasticity). On the other hand, carbon nanotubes cause the fly ash geopolymer to be less 
resistant to fracture, although the fracture toughness with higher amounts of MWCNTs slightly increased. 
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Fig. 2. Compressive strength (left) and modulus of elasticity (right) values of geopolymer composites with various amounts of MWCNTs. 
      
Fig. 3. Effective fracture toughness (left) and specific fracture energy (right) values of geopolymer composites with various amounts of 
MWCNTs. 
3.2. Acoustic emission activity 
To describe the origin of micro cracks during fracture test, we focused on the amplitude of AE signals, which is 
the greatest voltage measured in a waveform. This is an important parameter in AE inspection because it determines 
the detectability of the signal. Signals with amplitudes below the operator-defined minimum threshold are not 
recorded. Another parameter is duration of AE signals. This is the time difference between the start and end of AE 
event. Energy of AE signals is the measure of the area under the envelope of the rectified linear voltage time signal 
from the transducer. Values of duration, amplitude and energy of AE signals are presented in Table 3. The addition 
of 0.05 % and 0.10% of MWCNTs has no significant influence on monitored parameters of AE signals, but higher 
addition of MWCNTs is already reflected in the change of the parameters of AE signals. The increase of dosage of 
MWCNTs caused a decrease of values of amplitude AE signals by 15 and 30%, respectively. In case of other 
parameters, the value of duration of AE signals was increased by 11 and 15% and the value of energy of AE signals 
was increased by 92 and 112%, respectively with higher dosage of MWCNTs. These results show that MWCNTs 
cause the accumulation of energy on the crack propagation front during the three-point bending test.  
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Table 3. Mean values of selected parameters obtained from AE measurements (coefficients of variation in %). 
Composite FC FC5 FC10 FC15 FC20 
Amplitude of AE 
signals (mV) 
3775 
(3.1) 
3784 
(1.8) 
3703 
(2.6) 
3211 
(1.6) 
2670 
(3.0) 
Duration of AE 
signals (ms) 
1207 
(1.0) 
1192 
(1.0) 
1192 
(0.7) 
1343 
(1.1) 
1391 
(3.4) 
Energy of AE 
signals (mV·s) 
0.679 
(7.8) 
0.635 
(6.5) 
0.681 
(6.3) 
1.301 
(2.1) 
1.438 
(4.4) 
 
 
Fig. 4. Semi logarithmic graph of cumulative number of AE signals vs. time curves recorded during first 6 days of hardening process. 
Such behaviour can be explained by enormous tensile strength of nanotubes and good bond between nanotubes 
and matrix, similarly as the longer duration of AE signals, which needs more energy to break or to be pulled out of 
the matrix. This parameter also partly corresponds to the trend observed for fracture toughness. 
To evaluate the origin of microcracks during hardening, we focused on the activity of AE, respectively on the 
most used parameter which is the number overshoot preset threshold labeled as number of counts. The higher 
number of microcracks in the specimen can be inferred from the higher AE activity. Cumulative number of detected 
AE signals during the first six days after mixing is presented in Fig. 4. It is evident that application of MWCNTs has 
a positive effect on the reduction of microcrack formation. Even addition of 0.05% of MWCNTs is able to reduce 
the number of microcracks approximately by one order during the first 48 hours of hardening process. However, 
addition of higher amounts of MWCNTs did not show a considerable influence on the microcracks’ formation. 
3.3. SEM microstructure 
The microstructure of fly ash based geopolymer was investigated by means of scanning electron microscopy. 
Micrographs in Fig. 5 show MWCNTs embedded in the geopolymer matrix. Since nanotubes are not able to 
penetrate into fly grains during geopolymerisation, they can be found only in certain areas located among former fly 
ash cenospheres. As the geopolymerisation proceeds, fly ash grains are dissolved by alkaline environment and the 
products diffuse into pore solution with dispersed MWCNTs. The dissolved species then undergo polycondensation 
reactions to form amorphous geopolymer gel in which the nanotubes remain embedded. Some of the nanotubes have 
been partially pulled out of the matrix during the fracture process, even though they are well bonded to the 
aluminosilicate matrix via hydrogen bonds of carboxymethyl cellulose. 
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Fig. 5. SEM micrographs of geopolymer binder with embedded MWCNTs. 
4. Conclusions 
The main objective of this study was to improve the mechanical fracture properties of fly ash based geopolymer 
by the application of MWCNTs. Although the nanotubes cannot be spread homogenously throughout the whole 
geopolymer matrix, their incorporation led to an improvement in the mechanical properties, especially in case of 
compressive strength. On the other hand, fracture parameters decreased, thus indicating that MWCNTs cause the fly 
ash geopolymer to be slightly less resistant to fracture. The results of AE recorded during fracture tests show that 
MWNCTs cause the longer duration of AE due to less attenuation of the signal in the matrix, which indicates 
a better binding of the matrix. Smaller amplitude value corresponds to the formation of smaller cracks during 
fracture test or extracting nanotubes from the matrix. Considering the results of mechanical fracture parameters, the 
optimum amount of MWCNTs showing the best performance of the fly ash geopolymer is 0.15%. Finally, it was 
also found that even 0.05% of MWCNTs can dramatically reduce the formation of microcracks detected by AE 
method during hardening process.  
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